Abstract -Based on the investigation of olivine phenocrysts and melt and spinel inclusions in them from the picrites of the Gudchikhinsky Formation and olivine phenocrysts and the whole-rock geochemistry from the Tuklonsky and Nadezhdinsky formations of the Noril'sk region, the compositions and conditions of formation and evolution of the parental melts and mantle sources of Siberian trap magmatism were evaluated. Olivine phenocrysts from the samples studied are enriched in Ni and depleted in Mn compared with olivines equilibrated with the products of peridotite melting, which suggests a considerable role of a nonperidotitic component (olivine-free pyroxenite) in their mantle source. The onset of Siberian trap magmatism (Gudchikhinsky Formation) was related to the melting of pyroxenite produced by the interaction of ancient recycled oceanic crust with mantle peridotite. During the subsequent evolution of the magmatic system (development of the Tuklonsky and Nadezhdinsky formations), the fraction of the pyroxenite component in the source region decreased rapidly (to 40 and 60%, respectively) owing to the entrainment of peridotite material into the melting zone. The formation of magmas was significantly affected by the contamination by continental crustal material. The primitive magmas of the Gudchikhinsky Formation crystallized under near-surface conditions at temperatures of 1250-1170 ° C and oxygen fugacities 2.5-3.0 orders of magnitude below the Ni-NiO buffer. Simultaneously, the magmas were contaminated by continental silicic rocks and evaporites. The parental magmas of the Gudchikhinsky rocks corresponded to tholeiitic picrites with 11-14 wt % MgO. They were strongly undersaturated in sulfur, contained less than 0.25 wt % water and carbon dioxide, and were chemically similar to the Hawaiian tholeiites. They were produced by melting of a pyroxenite source at depths of 130-180 km in a mantle plume with a potential temperature of 1500-1580 ° C. The presence of low melting temperature pyroxenite material in the source of Siberian trap magmas promoted the formation of considerable volumes of melt under the thick continental lithosphere, which could trigger its catastrophic collapse. The contribution of pyroxenite-derived melt to the magmas of the Siberian trap province was no less than 40-50%. This component, whose solid residue was free of sulfides and olivine, played a key role in the origin of high contents of Ni, Cu, and Pt-group elements and low sulfur contents in the parental trap magmas and prevented the early dispersion of these elements at the expense of sulfide melt fractionation. The high contents of Cl in the magmas resulted in considerable HCl emission into the atmosphere and could be responsible for the mass extinction at the Paleozoic-Mesozoic boundary.
INTRODUCTION
Large igneous provinces (LIP) are short-term (usually, a few million years) occurrences of simultaneous magmatic activity over tremendous areas of continents and oceans (Campbell and Griffiths, 1992) . Among typical LIP are continental flood basalt provinces (e.g., Siberian and Deccan traps) and oceanic plateaus (e.g., Ontong-Java).
A number of often incompatible hypotheses have been proposed to explain the formation of LIP related to mantle magmatism. Two hypotheses are most widely accepted by researchers. The first is the model of thermal mantle plumes, whose heads produce LIP through the extensive decompression melting of mantle peridotites owing to high potential temperatures (White and McKenzie, 1988; Campbell and Griffiths, 1992; Dobretsov et al., 2008) . The second hypothesis claims to explain the formation of continental LIP without a significant temperature anomaly in the convecting mantle assuming delamination and descent of lithospheric block with the subsequent space filling with hot convecting mantle material undergoing high degrees of decompression melting (e.g., Elkins-Tanton, 2005). The main shortcoming of these concepts is the absence of rigorous estimates for the conditions of formation of parental magmas and compositions of their mantle sources. The problem is especially difficult for continental flood basalt provinces, including the Siberian traps. This is related to the fact that the occurrences of flood basalt magmatism accessible for observation underwent considerable differentiation in the crust, and their composition was modified by mineral fractionation and crustal contamination (Sobolev, 1936) . In such cases, the composition of parental magmas can be reconstructed using a combination of new methods based on the detailed analysis of olivine phenocrysts (Sobolev et al., 2005 (Sobolev et al., , 2008 ) and fragments of the magmatic system embedded in them (Roedder, 1984; Sobolev, 1996) .
The Siberian trap province is of special importance among LIP. This is related, first, to its tremendous size, which makes it the largest continental basaltic LIP of Phanerozoic age (Masaitis, 1983; Reichow et al., 2005) . Second, the formation of the province (within the accuracy of numerous datings) coincided with the most significant mass extinctions in the Earth's history at 251 Ma at the Paleozoic-Mesozoic boundary; therefore, it is considered as a possible reason for this event ; Kamo et al., 2003; . Third, the province comprises the world's largest platinum-copper-nickel sulfide deposits (Dodin et al., 1971; Dyuzhikov et al., 1988; Naldrett et al., 1992) . These unique features of Siberian trap basalts have not yet been explained within a single consistent model of their formation.
In this paper, we propose a model combining the plume hypothesis with the concept of delamination of subcontinental lithosphere, which is based on the idea of crustal recycling, i.e., re-entrainment of the ancient subducted oceanic crust into the melting zone (Hofmann and White, 1982) . This model explains the considerable volumes of magmas formed deep beneath the continental lithosphere; the high concentrations of nickel, copper, and platinum-group elements and low contents of sulfur in the parental melts; and rapid changes in the composition of the mantle source during the evolution of flood basalt magmatism.
OBJECTS

Short Description of Regional Geology
The Siberian trap province includes several zones differing in the structure and thickness of lava and tuff sequences (Masaitis, 1983; Zolotukhin et al., 1986) . Of special interest is the Noril'sk region ( Fig. 1 ), which comprises a thick (3.7 km) volcanic sequence containing, in addition to widespread tholeiitic basalts, subalkaline and picritic rock varieties (Fedorenko et al., 1996) . Its conspicuous feature is the presence of unique Pt-Cu-Ni mineralization in ultrabasic-basic intrusive complexes (Dodin et al., 1971; Dyuzhikov et al., 1988; Naldrett et al., 1992) .
The main first-order fold structures of the regions ( Fig. 1) are the Khantai-Rybinsky and Dudinsky arches composed of terrigenous sedimentary sequences of the Early and Middle Paleozoic, the Tunguska syneclise, and the Noril'sk-Kharaelakhsky depression, where coal-bearing rocks of the Tunguska Formation (C 2 − P 1 ) and numerous basalt flows (P 2 -T 1 ) are exposed. The depression includes the Noril'sk, Kharaelakhsky, and Ikonsky troughs (Dyuzhikov et al., 1988 ).
The volcanic sequence was subdivided into 11 formations on the basis of the petrographic and chemical compositions of volcanics and proportions of lavas and tuffs: Ivakinsky, Syverminsky, Gudchikhinsky, Khakanchansky, Tuklonsky, Nadezhdinsky, Morongovsky, Mokulaevsky, Kharaelakhsky, Kumginsky, and Samoedsky formations; subformations and members were distinguished in some of the formations (Dodin et al., 1971; Ryabov et al., 2000) . The lower three formations occur only in the Noril'sk region, whereas the upper formations (starting from Morongovsky) were traced along strike over hundreds of kilometers to the east. Intermediate position is characteristic of the Khakachansky, Tuklonsky, and Nadezhdinsky formations, which occur outside the Noril'sk region and pinch out toward the Putorana Plateau.
Sampling Sites
The section of the tuff-lava sequence was studied by us mainly in the eastern part of the region, where nine of the 11 formations were detected (Fig. 2) . Primary attention was given to highly magnesian extrusive rocks, which occur in the Gudchikhinsky (Gd 2 ), Tuklonsky (Tk), and Nadezhdinsky (Nd 1 ) formations.
The picritic basalts of the Gudchikhinsky Formation were investigated in several sections in different parts of the region. Three key sections were selected: in the western part of the Kharaelakhsky Trough, in the eastern slope of the Khantai-Rybinsky arch, and in the western slope of the Tunguska syneclise. This allowed us to trace the evolution of the structure and composition of the Gudchikhinsky picrites from west to east.
The thickest section of the Gudchikhinsky Formation was investigated in borehole KhS-51 in the western part of the Kharaelakhsky Trough. The incomplete thickness of the formation (its upper part was eroded) is 460 m. The lower part of the section is composed of porphyritic and aphyric basalts with an average MgO content of 6 wt %, and the upper part (111 m) is made up of 17 flows of picritic basalts containing up to 24 wt % MgO. The flows are of only moderate thicknesses (4 − 6 m on average), and their upper portions (0.5-1.3 m) are composed of amygdaloidal varieties, which facilitated the distinguishing of flows in the section. The rocks are extensively altered, and olivine is almost completely replaced by serpentine or bowlingite. Fresh samples of picritic basalts were collected in the central part of the thickest and, consequently, least altered flow penetrated by the borehole at depths of 118-140 m. One of the samples (KhS-51/130) was studied in detail. The thickness of the Gudchikhinsky Formation decreases to a few tens of meters at the eastern side of the trough.
The structure and composition of the rocks of the formation change dramatically in the eastern slope of the Khantai-Rybinsky arch. Its thickness is only 22 m, and the rocks of the lower subformation (basalt porphyries with normal Mg contents) are completely missing in the section. The formation is represented there by two picritic basalt flows with MgO contents of 12-16 wt %. It should be noted that the character of magmatism changes in this region: numerous central-type volcanoes appear there; they are a few tens of meters high and composed of thin (10-15 cm) beds of lava and ash materials. Thus, this rigid anticline structure is dominated by vertical fracture channels, which promoted faster magma ascent to the surface compared with the adjacent trough (which may be responsible for the less extensive crustal contamination of melts; sample 4270/13, see below).
The third section of the Gudchikhinsky Formation considered here is situated at the western part of the Tunguska syneclise. It includes a single picritic basalt flow, 8 m thick (sample SU-50).
The Tuklonsky and Nadezhdinsky formations contain very minor amounts of high-magnesium rocks. They were documented only in layered flows (Fig. 1) . Picritic basalts were found in the Tuklonsky Formation at Sunduk Mountain (southern coast of Lake Glubokoe; Lightfoot et al., 1993) and in the Nadezhdinsky Formation among the rocks of the Mikchangdinsky cover (Krivolutskaya et al., 2005) in the eastern slope of the Khantai-Rybinsky arch. These rocks are represented by samples SU-50 (Tk) and 530/12 ( Nd 1 ).
Petrography
The picritic basalts of the Gudchikhinsky Formation are macroscopically distinctly different from other lava varieties, including the high-magnesium rocks of the SOBOLEV et al.
Tuklonsky and Nadezhdinsky formations. They are dark gray (sometimes with a violet shade) medium-to coarse-grained massive rocks consisting of olivine (15-50 vol %), plagioclase (20-50%), pyroxene (10-30%), chrome spinel, and secondary minerals. Their structural, textural, and mineral characteristics show minor variations.
The most magnesian picrites from the western part of the Kharaelakhsky Plateau (sample KhS-51/130) have a weakly manifested porphyritic structure and a Formations: iv, Ivakinsky; sv, Syverminsky; gd, Gudchikhinsky; hk, Khakanchansky; tk, Tuklonsky; nd 1 , lower subformation of the Nadezhdinsky Formation; nd 2-3 , undifferentiated middle and upper subformations of the Nadezhdinsky Formation; mr, Morongovsky; mk, Mokulaevsky; and hr, Haraelakhsky. Horizons of high-magnesium rocks are shown in black. The encircled groups of rocks are the picrites and picritic basalts of the Gudchikhinsky (T 1 gd), Nadezhdinsky (T 1 nd), and Tuklonsky (T 1 tk) formations with the contribution (in %) of the pyroxenite component in the melt calculated from the composition of magnesian olivine (Sobolev et al., , 2008 . The diagrams show variations in Mg# and characteristic trace element ratios in the rocks along the section (black diamonds are picritic basalts, and gray diamonds are tholeiitic and subalkaline basalts). The dashed line corresponds to Nb/La = 1.
hypidiomorphic texture. Their compositions are dominated by olivine (up to 50%), whose large euhedral prismatic crystals (2-3 mm) appear as hexagonal or rectangular grains in thin sections. Small (up to 1 mm) oval or rounded grains of this mineral often occur within elongated (up to 3 mm) tabular crystals of plagioclase (25%) forming a poikilitic texture. Clinopyroxene (13%) also forms elongated (up to 1 mm) grains, and orthopyroxene occurs in minor amounts (up to 3-4%). The rock also contains chrome spinel, titanomagnetite, and serpentine-group minerals. Picritic basalts from the eastern slope of the Khantai-Rybninsky arch (sample 4270/13) have a finer grained hypidiomorphic texture. Olivine (about 20%) usually occurs as small euhedral grains of uniform size (0.5 mm on average) randomly distributed in the rock and is almost unaffected by secondary alteration. Plagioclase (about 50%) occurs as large laths ( 5 × 2 mm), and pyroxene (about 30%) forms smaller irregular grains. Typical picritic basalts from the western part of the Tunguska syneclise (sample SU-50) are very similar in mineral composition, texture, and structure to the rock variety described above, but they are better crystallized. Strongly altered subhedral olivine grains averages 1 − 2 mm in size (up to 15%), and 60-70% of the grains are replaced by bowlingite or serpentine. The picritic basalts of the Tuklonsky and Nadezhdinsky formations occur as 5-80-cm-thick interbeds among high-magnesium tholeiitic basalts (8-9 wt % MgO) and are similar to each other both in composition and textural features. In particular, they show a weak porphyritic structure and a doleritic texture of the groundmass, which contains radial aggregates of plagioclase and/or pyroxene. The sample of picritic basalt from the Tuklonsky Formation (SU-33) contains almost completely altered olivine grains (15%), sheaflike intergrowths of plagioclase crystals up to 2 mm in size (30%), and anhedral clinopyroxene grains (55%).
Similar rocks from the Nadezhdinsky Formation (sample 530/12) contain up to 30 vol % of small (1 − 2 mm) porphyritic olivine grains. They are uniformly distributed in the groundmass with a doleritic or radial texture composed of small (0.5 mm) plagioclase laths (40%) and isometric pyroxene grains (30%) of the same size.
METHODS
Analytical Techniques
Three microanalytical techniques were used to investigate the composition of minerals and melt inclusions: electron probe microanalysis, inductively coupled plasma mass spectrometry with laser ablation, and secondary ion mass spectrometry. Rock compositions were determined by X-ray fluorescence and inductively coupled plasma mass spectrometry.
The contents of major elements in rocks were measured by X-ray fluorescence (XRF) analysis using a The sensitivity of the instrument was calibrated over the entire mass scale using standard solutions containing all of the elements analyzed in the samples. The quality of analysis and the sensitivity drift of the instrument were controlled by alternating sample and reference material (BCR-2 basalt; GeoRem database, http://georem.mpch-mainz.gwdg.de/) measurements. The detection limit (DL) ranged from 1-5 ppb for heavy and medium-mass elements (U, Th, REE, etc.) to 20-50 ppb for light elements (Be and others). The accuracy of analysis was 3-10% relative for element concentrations higher than 20-50 DL.
Electron probe microanalysis (EPMA) was employed to measure major and minor element contents higher than 100 ppm in olivine, spinel, and melt inclusion glasses. The analyses were obtained using a Jeol JXA 8200 SuperProbe electron microprobe at the Max-Planck Institute of Chemistry (Mainz, Germany). The major elements of glasses and spinels were analyzed at accelerating voltages of 15 and 20 kV, respectively, and a beam current of 20-30 nA using natural standard samples: basaltic glass USMN111240/52 (VG2) and chrome spinel USMN117075 (Jarosevich et al., 1980) with typical errors of less than 2% relative. The composition of olivine and some elements in inclusions were analyzed using a special procedure providing an accuracy of 20-30 ppm (two standard deviations) for Ni, Ca, Mn, Al, Ti, Cr, and Co and 0.02 mol % for the forsterite component of olivine .
Laser ablation-inductively coupled plasma mass spectrometry (LA-ICP MS) was used to determine trace element contents in melt inclusion glasses and olivine. Analyses were carried out on an ELEMENT-2 (Thermo Scientific, England) mass spectrometer coupled to a UP-213 (New Wave Research, England) solidstate laser at the Max-Planck Institute of Chemistry (Mainz, Germany). Basaltic glasses KL-2G and NIST 612 (Jochum et al., 2000 and GeoRem database, http://georem.mpch-mainz.gwdg.de/) were used as standards. The analyses were normalized to Ca content. The laser beam diameter was usually 60-80 μ m, and the ablation time was 60-80 s. The uncertainty of concentrations was estimated from the reproducibility of standard analysis as no higher than 5% relative (two standard deviations) for contents higher than 1 ppm and 10% relative for contents of ~0.1 ppm.
Secondary ion mass spectrometry (SIMS) was used to analyze H 2 O, Li, and B in melt inclusion glasses. The analyses were obtained using a Cameca Ims3f ion microprobe (France) at the Max-Planck Institute of Chemistry (Mainz, Germany) by the method described by Sobolev (1996) . The analytical uncertainties were typically no higher than 10% relative. The detection limit for H 2 O was estimated from the signal of 1 H in the host olivine as 0.02 wt %.
Experimental Investigations
Melt inclusions were studied using a low-inertia visually controlled heating stage with a purified He atmosphere (Sobolev and Slutskii, 1984) by the method of Sobolev and Danyushevsky (1994) . Experimental temperature was measured by a Pt90Rh10 thermocouple and checked in every experiment against the melting point of high-purity gold. In order to minimize H 2 O loss from inclusions, the total exposure to temperatures of higher than 1000°ë was no longer than 15 min.
In addition to experiments under visual control, quench experiments were carried out using a controlled-atmosphere vertical furnace at the Petrology and Geochemistry Department of J.-W.-Goethe University of Frankfurt am Maine, Germany. The experiments were carried out with an H 2 /CO 2 gas mixture at a temperature of 1250°ë and oxygen fugacity corresponding to the quartz-fayalite-magnetite (QFM) buffer. Selected olivine crystals were loaded into open platinum capsules and placed in a platinum container directly into the hot zone of the furnace. After a 20-min exposure, the samples were quenched by automatically dropping the platinum container into the cold zone.
RESULTS
Composition of Rocks
The Noril'sk traps are dominated by low-magnesium (MgO < 7 wt %) tholeiitic basalts and contain minor olivine basalts and picrites. Alkaline and subalkaline varieties are rare and occur mainly in the lower formations, Ivakinsky and Syverminsky. The composition of lavas changes systematically from bottom to top (Fig. 2) , which is in agreement with the data of previous authors (Lightfoot et al., 1993; Wooden et al., 1993) . The lower formations are significantly depleted in heavy REE and, correspondingly, show high Gd/Yb ratios, which suggests the presence of garnet in their source (Lightfoot et al., 1993; Wooden et al., 1993; Sharma, 1997) . This parameter decreases considerably in the rocks directly overlying the Gudchikhinsky Formation, and most of the lavas of the sequence exhibit no evidence for the retention of garnet in the source. The Nb/La ratio is significantly variable within the section. Similar to Ta/La, this ratio reflects the degree of magma contamination by continental crust (Lightfoot et al., 1993) . The Nb/La < 1 value for an undepleted composition implies a negative Nb (Ta) anomaly, which is compelling evidence for the contribution of continental crust (Rudnick, 2002) . Figure 2 demonstrates that most of the Noril'sk trap rocks are contaminated by continental crust. The degree of contamination ranges from the minimum values in the rocks of the Gudchikhinsky Formation to the maximum values in the Nadezhdinsky basalts (Wooden et al., 1993) .
In the Noril'sk region, magnesian rocks are known only in lower formations, Gudchikhinsky, Tuklonsky, and Nadezhdinsky (Fig. 2) . Their compositions are shown in Fig. 3 . The main difference of the Gudchikhinsky rocks from the overlying Tuklonsky and Nadezhdinsky basalts is the depletion of heavy REE and, correspondingly, high Gd/Yb ratios (Fig. 2) . The compositions of two samples from the Gudchikhinsky Formation (4270/13 and SU-50) are similar to each other in most elements but are significantly different from the third sample, KhS-51/130 (Fig. 3a) . The latter is much stronger enriched in olivine, and, therefore, its incompatible element patterns are shifted to lower concentrations. It also bears distinct signs of crustal contamination: enrichment in Th, U, and Pb and depletion in Nb, Ta, and Ti. These features are even more pronounced in the magnesian rocks of the Tuklonsky (sample SU-33) and especially Nadezhdinsky formations (sample 530/12) (Fig. 3b) . The trace element patterns of these rocks closely resemble the composition of the continental crust.
The magnesian rocks described here can be considered as the least differentiated primitive members of the main geochemical types of the Siberian trap basalts of the Noril'sk region ( Table 1 ). The Gudchikhinsky picrites are primitive rocks for the moderately titaniferous basalts, which accounts for ~8% of the lavas of the section (Fedorenko et al., 1996) . With respect to combined geochemical characteristics, the Tuklonsky picrites correspond to the main low-titanium type of magmatism, accounting for more than 75 vol % of the Noril'sk section and are significantly different from other rocks of this suite only in low Pb isotope ratios, 206 Pb/ 204 Pb and 208 Pb/ 204 Pb (Wooden et al., 1993; Fedorenko et al., 1996) . However, since crustal contaminant provided the main contribution to the content and isotopic composition of Pb in the Tuklonsky picrites (Fig. 3b) , this difference should be attributed to different compositions of contaminants rather than the heterogeneity of primary magmas. The magnesian rocks of the Nadezhdinsky Formation are crystallization products of the most contaminated primitive magmas producing the rocks of this formation (Krivolutskaya et al. 
Composition of Spinel
Spinel inclusions in olivine phenocrysts from the rocks of the Gudchikhinsky Formation (Table 2) correspond to a Cr-rich variety, Cr/(Cr + Al) = 0.70 ± 0.03, with high TiO 2 (1.6 ± 0.4 wt %) and V 2 O 3 contents (0.5 ± 0.1 wt %) and high Fe +2 /Fe +3 (5.0 ± 0.6). The composition of spinel is not correlated with that of host olivine, which varies within Fo 84 -Fo 79 . Noteworthy are the high Fe +2 /Fe +3 ratio and significant contents of vanadium in the spinel, which indicates unusually low oxygen fugacity in the crystallization environment (Canil, 2002) .
Composition of Olivine
Three groups of olivine phenocryst compositions are clearly distinguished (Table 3 , Fig. 4 ). The first group comprises high-Ni and low-Mn olivines from the rocks of the Gudchikhinsky Formation, which practically have no analogues among the olivines of mantle magmas. The content of the forsterite component in the olivines of this group is up to 84%. Magnesian olivines from the rocks of the Nadezhdinsky Formation contain less Ni and more Mn, and the lowest Ni contents coupled with the highest Mn are characteristic of olivines from the rocks of the Tuklonsky Formation. In the latter two groups, the maximum content of the forsterite component is no higher than 80%. A characteristic feature of olivine from the rocks of the Nadezhdinsky Formation is the steep trend of a decrease in Ni content with decreasing MgO, which is not reflected in the Mn/Fe ratio. This trend is readily explained by the segregation of sulfide melt from the parental magma of the Nadezhdinsky rocks; this process was considered by Naldrett et al. (1992) as a reason for the depletion of the Nadezhdinsky lavas in ore elements. Sobolev et al. (2005 showed that Ni excess and Mn deficit in olivine composition compared with the level of equilibrium with mantle peridotites are indicative of the presence of melting products from oli- Trace element patterns of (a) the high-magnesium volcanic rocks of the Gudchikhinsky Formation and (b) the rocks of the Tuklonsky (sample SU-33) and Nadezhdinsky (sample 530/12) formations. "Cont. crust" is the average compositions of the continental crust (Rudnick, 2002) . C rock /C pm is element content in the rock normalized to the primitive mantle value (Hofmann, 1988) .
vine-free pyroxenite formed by the reaction between recycled crust and peridotite. The Mn/Fe and Ni/(Mg/Fe) ratios of olivine were parameterized to determine the fraction of melt from a pyroxenite source in the bulk composition of magma (Sobolev et al., , 2008 . This parameter was estimated independently on the basis of Mn/Fe and Ni/(Mg/Fe) ratios for olivine phenocrysts from our samples (Fig. 5) . Average values for the most magnesian olivines are shown by large symbols in Fig. 5 . It is evident that the olivine phenocrysts from the Gudchikhinsky Formation indicate an almost pure olivine-free pyroxenite source for these magmas, which was previously noted by . The compositions of magnesian olivines from the rocks of the Nadezhdinsky and Tuklonsky formations indicate a significantly lower contribution from a pyroxenite source. Sulfide melt fractionation in the magmas of the Nadezhdinsky Formation leads to significantly underestimated contributions of the pyroxenite component calculated from the Ni/(Mg/Fe) ratio of olivine, but has almost no effect on the estimates based on the Mn/Fe ratio (Fig. 5 ).
Inclusions in Olivine
Magmatic inclusions were investigated in olivine from samples KhS-51/130, 4270/13, and SU-50 of the Gudchikhinsky Formation. They are represented by crystallized melt, spinel, low-density fluid, and occasionally combinations of these phases in varying proportions. Most of the inclusions are not confined to fractures but are randomly distributed within the phenocryst volume. Such inclusions are interpreted as primary, i.e., trapped during phenocryst growth (Roedder, 1984) .
Most of the melt inclusions have rounded or ellipsoidal shapes. Their typical size ranges from 20 to 80 μm along the long axis. The inclusions are composed of clinopyroxene crystals, interstitial glass, lowdensity fluid phase (shrinkage voids), spinel crystals, and occasionally tiny droplets of sulfide melt (Figs. 6a, 6c). During heating, the inclusions begin to melt at temperatures of 1050-1100°ë, and the last daughter pyroxene crystal disappears at 1150-1180°ë. Homogenization (complete dissolution of the fluid phase in the melt) occurs almost simultaneously in all inclusions of a series (Fig. 6d) . According to the results of 15 experiments, the range of homogenization temperatures is 1180-1290°ë. In some of the homogenized inclusions, a well shaped spinel crystal was preserved after quenching (Fig. 6b) ; such crystals were interpreted as xenocrysts trapped with the melt.
In order to obtain statistically representative data on the composition of melt inclusions, 100-150 olivine grains from each of samples KhS-51/130, 4270/13, and SU-50 were annealed for 20 min at a temperature of 1250°ë in the vertical furnace at oxygen fugacity corresponding to the QFM buffer and quenched (see the "Methods" section). The quenched crystals were sectioned, polished, and examined under a microscope. Homogeneous inclusions or inclusions with a shrinkage void (fluid vesicle) accounting for less than 0.1% of inclusion volume and more than 40 μm in size were selected for analysis (Figs. 6b, 6d). Tables 2-6 , oxides and total are in wt %, and elements are in ppm. LOI is loss on ignition in wt %. Formations: Gd, Gudchikhinsky; Tk, Tuklonsky; and Nd, Nadezhdinsky. * Sample no. Note: FeO and Fe 2 O 3 in spinel were calculated assuming ideal stoichiometry; FeO tot is total iron calculated as FeO. Total 1 and Total 2 are analytical totals calculated before and after the calculation of ferric and ferrous iron contents, respectively. Fe +2/+3 sp is the ferrous to ferric Fe ratio of spinel, and Fe +2/+3 is the ferrous to ferric iron ratio in melt calculated using the model of Maurel and Maurel (1982) . Here and in tables 3-6, Fo is the molar percentage of the forsterite component in the host olivine. * Sample no.
Crystallization Conditions and Melt Composition
The compositions of 37 quenched melt inclusions and their host olivines from the samples of the Gudchikhinsky Formation are given in Table 4 . Since the quenching temperature (1250°ë) of inclusions in the vertical furnace was in general different from the temperature of entrapment, the compositions of inclusions were additionally recalculated to equilibrium with the host olivine using the model of Ford et al. (1983) . There is a significant linear correlation between the contents of FeO in the inclusions and host olivine, FeO melt = 0.53FeO Ol -0.9 (R = 0.7, Table 4 ), which indicates the loss of Fe from the inclusions owing to the diffusion redistribution of Fe and Mg between the inclusions and host olivine during cooling (Sobolev and Danyushevsky, 1994 ). This effect can be accounted for on the basis of a significant correlation between FeO and SiO 2 SOBOLEV et al. contents, FeO tot = 30.84 -0.369SiO 2 (R = 0.7), in the rocks of the Gudchikhinsky Formation containing, similar to the melts, 7-15 wt % MgO (GEOROC; http://georoc.mpch-mainz.gwdg.de/georoc/). The Fe +2 /Fe +3 ratio of melt was determined from the composition of chrome spinel and the model of spinel-melt Fe +2 /Fe +3 partitioning (Maurel and Maurel, 1982) . The corrected values are only slightly different from the compositions of quenched inclusions, mainly with respect to Mg and Fe contents. Nonetheless, Table 5 reports correction coefficients for olivine-incompatible trace element contents in inclusions, ä cor . The coefficient was calculated for each inclusion as a ratio of Al 2 O 3 contents in the measured and corrected compositions. In order to obtain a corrected value for incompatible element content in trapped melt, values from Table 4 should be multiplied by K cor from Table 5 . Hereafter, we will consider only the corrected compositions. The content of Ni in melt was calculated from the composition of host olivine and the model of olivine-melt equilibrium by Beattie (1993) .
The temperatures of equilibrium between trapped melts and their host olivine lie within the range 1170-1250°ë (Table 5) , close to the range of homogenization temperatures for these inclusions (1180-1290°ë). The oxygen fugacity is unusually low (2.5-3.0 logarithmic units below the Ni-NiO buffer), which is related to the strongly reduced spinel composition (Table 3) .
A monotonous increase in CaO and Al 2 O 3 contents at decreasing MgO (Fig. 7a) suggests that melt evolution was controlled by olivine crystallization without coexisting plagioclase and pyroxene. This fact allowed us to calculate the composition of parental melt by modeling reverse olivine fractionation (see the section Composition of Primary Magmas below). The compositions of inclusions from samples SU-50 and 4270/13 form a single trend with respect to all elements (Fig. 7) and are similar to the compositions of basaltic glasses from Mauna Loa Volcano, Hawaii. Inclusions from sample KhS-51/130 are distinguished by high SiO 2 and K 2 O; low CaO, TiO 2 , and P 2 O 5 ; and elevated Rb, Ba, U, Th, La, and Pb contents (Figs. 7-9); i.e., they are enriched in elements typical of the silicic rocks of the continental crust (Rudnick, 2002) . The lithophile element spider diagrams of these inclusions (Fig. 9a ) display distinct characteristic anomalies of the continental crust, positive for Rb, U, and Pb and negative for Ta, Nb, and Ti. These observations suggest that the melts from which the olivine of sample KhS-51/130 crystallized were significantly contaminated by silicic continental materials, for instance, quartz sandstones. Indications of contamination (elevated contents of K, Cl, and B) were also observed in some inclusions from sample SU-50 ( Fig. 10) . However, in that case, the contaminant was different, enriched in Cl and K and poor in Si (probably, evaporite).
The compositions of melt inclusions in olivine from samples SU-50 and 4270/13 containing Cl < 0.045 wt % show a very narrow range of all incompatible elements, identical for the two samples (Fig. 9b) . No evidence for crustal contamination was observed. The composition of the inclusions is very similar to the SOBOLEV et al. 
Volatile Components in Melts
The melt inclusions in olivine from sample SU-50 and the majority of inclusions in olivine from sample KhS-51/130 show anomalously low H 2 O contents (Fig. 10) , which is probably related to the near-surface degassing of crystallizing magmas. The inclusions in olivine from sample 4270/13 show somewhat higher H 2 O contents (up to 0.25 wt %), comparable with estimates obtained from the concentration of an element with similar incompatibility, e.g., Ce (Dixon et al., 2002) . Consequently, they can be considered as the initial characteristics of undegassed magmas. This concentration level is also similar to the minimum ç 2 é contents in the glasses of Mauna Loa, Hawaii.
The melt inclusions in olivine from sample KhS-51/130 have extremely low Cl contents, which, similar to H 2 O, probably result from near-surface degassing (Fig. 10) . The compositions of inclusions in olivine from sample SU-50 form a steep trend of Cl accumulation with increasing K 2 O content. The contents of Cl reach remarkably high levels. The compositions of inclusions from sample 4270/13 lie at the beginning of the Cl accumulation trend and are comparable in this respect to the Cl richest glasses of Mauna Loa, Hawaii.
A characteristic feature of all the melt inclusions is elevated boron content, which reaches the maximum values in the Cl richest inclusions from sample SU-50.
All of the inclusions show low S contents, more than 2-3 times lower than the level of basaltic melt saturation in sulfide liquid (Fig. 10 ).
Owing to early degassing, ëé 2 content in low-pressure melts is not representative for parental magmas. However, ëé 2 content in an undegassed melt can be estimated from the content of a nonvolatile element of similar incompatibility (Nb) using the data of Saal et al. (2002) . Given a CO 2 /Nb value of 240 reported by these authors, the initial level of CO 2 content can be estimated as ~0.25 wt %. 
Composition of Primary Magmas
The primary melts of the Gudchikhinsky rocks can be reconstructed on the basis of the compositions of melt inclusions with the minimum indications for crustal contamination. Such inclusions were analyzed in olivine from samples SU-50 and 4270/13 and show the lowest contents of Cl and other highly incompatible elements (Figs. 7, 8, 9b ). For these inclusions, we utilized the algorithm of reverse olivine fractionation to equilibrium with the most magnesian olivine (Sobolev and Danyushevsky, 1994) detected in the rocks of the Gudchikhinsky Formation, Fo 84 and this study). Calculations were carried out by the Petrolog software (Danyushevsky, 2001 ) using the models described above in the section Crystallization Conditions and Melt Composition. The MgO content and equilibrium temperature for the obtained compositions could be lower than in the real primary melts, if a more magnesian olivine crystallized in the system, but was not detected in the samples despite the statistically large data set (more than 400 analyzed olivine grains). The addition of olivine results in a considerable increase in Ni content in the melt; therefore, the maximum amount of added olivine must be limited by the concentration of Ni in melts equilibrated with reaction pyroxenite (Fig. 11) . Since the compositions of pyroxenite-derived melts form a field in the Ni-MgO coordinates, the compositions of primary melts were recalculated to its lower (Gd PM min) and upper (Gd PM max) boundaries. The estimated primary melts (Table 6 ) are in equilibrium at atmospheric pressure with olivine Fo 84-87 (Fo 85.5 on average) and are chemically equivalent to tholeiitic picrites with 48-49 wt % SiO 2 (48.7 on average) and 11-14 wt % MgO (12.7 on average). 
Conditions of Primary Magma Formation
Given the composition of primary melts, the conditions of their equilibrium (pressure and temperature) with the mantle source can be estimated. Such calculations are usually performed assuming an olivine-bearing (peridotitic) source (Herzberg and O'Hara, 2002) . However, the compositions of olivine phenocrysts from the Gudchikhinsky picrites indicate the absence of olivine in their mantle source (see above and . Indeed, the determination of liquidus assemblage for the estimated primary melts using the olivine-melt (Ford et al., 1983 ) and clinopyroxenemelt (Danyushevsky et al., 1996) models and the Petrolog software (Danyushevsky, 2001) showed that the melts become olivine-undersaturated and have clinopyroxene as a liquidus phase at pressures above 1.2-1.8 GPa. However, the clinopyroxene-melt equilibrium model of Danyushevsky et al. (1996) was calibrated at low pressures and its application requires additional testing. Figure 12a presents the results of such testing, which revealed a systematic overestimation of calculated equilibrium temperature compared with experimental values. The temperature correction shows a significant correlation with pressure and can be readily applied to adjust the P-T liquidus parameters of primary melts. The corrected data show that the temperature of clinopyroxene liquidus for the estimated primary melts becomes significantly lower than the dry solidus of mantle peridotite at pressures higher than 3 GPa, but remains above the "dry" pyroxenite solidus (Fig. 12b) . This suggests that the primary trap melts could be derived from a pyroxenite at great depths, while almost no melting occurred in a "dry" peridotite. It should be noted that small amounts of CO 2 and H 2 O in natural mantle peridotites may promote low-degree partial melting at low temperatures and high pressures. This process produces undersaturated alkaline melts enriched in incompatible elements similar to meymechites or alkaline and subalkaline picrites (Sobolev et al., 1991; Ryabchikov, 2003) . Therefore, it is no surprise that such melts occur in the province. However, the volume of such magmatism is significantly limited, especially within the Noril'sk region. Note: T cls , C is the temperature of equilibrium with the host olivine. Fo (mol %) and NiO (wt %) are the compositional characteristics of the host olivine. K cor is the correction factor for incompatible elements (see text for explanation). S cor and Cl cor are the corrected contents of sulfur and chlorine in the melt. 
DISCUSSION
Potential Mantle Temperature
Assuming that the lithosphere of the Siberian craton is no less than 130 km thick (Artemieva and Mooney, 2001 ), the minimum temperature of formation of the Gudchikhinsky primary magmas at a pressure of 4 GPa can be estimated as 1540°ë (Fig. 12b) . Taking into account a mantle adiabatic gradient of 10°C/GPa, these conditions correspond to the minimum potential mantle temperature of ~1500°ë (McKenzie and Bickle, 1988). The maximum temperature is constrained by the intersection of the liquidus of the primary Gudchikhinsky magmas with the pyroxenite solidus at ê = 5.5 GPa and í = 1635°ë (Fig. 12b) . The obtained maximum potential temperature is approximately 1580°ë. These results are similar but slightly lower than the potential temperatures of the mantle sources of the Siberian trap province (1630-1660°ë) estimated for the subalkaline and tholeiitic magmas of the Putorana Plateau and the alkali picrites and meymechites of the MaimechaKotui province (Ryabchikov, 2003 Cont. crust 
Was There a Mantle Plume?
Compared with the convecting upper mantle with temperatures of up to 1350°ë (White and McKenzie, 1995; Herzberg and O'Hara, 2002) , the estimated magmas are overheated by 150-230°ë. This is direct evidence for the plume-related origin of the Siberian LIP and is consistent with the conclusions of some previous studies (Sobolev et al., 1991; Wooden et al., 1993; Lightfoot et al., 1993; Ryabchikov, 2003) . According to the data obtained here, the mantle plume that produced the Siberian trap province had a potential temperature of about 1500-1580°ë, which is similar to the temperature of the Hawaiian mantle plume (1500-1600°ë; Sobolev et al., 2005) . The participation of a mantle plume in the formation of the Siberian trap magmatism is also independently supported by the composition of uncontaminated Gudchikhinsky melts (Fig. 9b) 
Mantle Source Composition
A striking feature of the LIP studied is wide variations in the contribution of reaction pyroxenite to primary melts within particular provinces (Fig. 13) . The detailed investigation of picrites from the Noril'sk region showed that this characteristic varied with time in the Siberian trap province (Figs. 2, 5) . The initial stage of the development of this province (Gudchikhinsky Formation) involved melting of an almost pure pyroxenite component. The contribution of a pyroxenite source decreased in the melts that formed the rocks of later formations (40 wt % for the Tuklonsky Formation and 60 wt % for the Nadezhdinsky Formation).
It should be noted that the calculated contributions of the pyroxenite component to the melts of the Tuklonsky and Nadezhdinsky formations should be considered as maximum estimates because of the possible influence of magma fractionation, which is indicated by the iron-rich compositions of olivine from these rocks (the most magnesian olivine is Fo 80 ). The fractionation of clinopyroxene and olivine could result in the underestimation of the Mn/Fe ratio and overestimation of the Ni/(Mg/Fe) ratio in olivine; consequently, the role of the pyroxenite component could be overestimated (Sobolev et al., , 2008 ). This warning is not important for the rocks of the Gudchikhinsky Formation, which contain magnesian olivine and for which the suggestion of a pure pyroxenite source seems to be plausible.
Thus, it can be concluded that the beginning of the formation of the Siberian LIP was directly related to the presence of recycled crust in the mantle source. This can be explained by the lower melting temperature of recycled material compared with that of peridotite (Fig. 14a) . Assume that two identical Hawaiian-type mantle plumes with identical potential temperatures of SOBOLEV et al. Note: T, °C and are the equilibrium temperature and oxygen fugacity, respectively; dNNO is the deviation of the logarithm of oxygen fugacity from the Ni-NiO buffer; Fo and NiO Ol (wt %) are the compositional characteristics of equilibrium olivine; Ol, % is the amount of added olivine, wt %; and values in bold show the arithmetic mean composition of primary melts and the standard deviation of the mean.
1550°ë arrive below lithospheric block of different age and different thickness: an ancient and thick continental lithosphere (130 km) similar to that of the Siberian craton (Fig. 14b) and a younger and thinner oceanic lithosphere (90-100 km) exemplified by the Hawaiian Islands (Fig. 14c) . The ascending flow of mantle material is blocked by the lithosphere, and, consequently, the minimum pressure of decompression mantle melting is constrained by the lithosphere thickness. Let us assume that the two mantle plumes contain identical amounts of recycled material represented by eclogite. Such an assumption is reasonable, because the buoyancy of mantle material with heavy eclogite is directly dependent on its temperature, i.e., the potential temperature of the mantle plume (Pertermann and Hirschmann, 2003) . Modeling showed that recycled crustal material (eclogite) will melt at depths of 170-150 km producing an andesitic melt, which will react with peridotite to form reaction pyroxenite (Sobolev et al., 2005) . The melting of eclogite must produce a . Gd PM max and Gd PM min are the calculated liquidus of the primary melts of the Gudchikhinsky Formation corresponding to the upper and lower boundaries of the compositional field of melts derived from pyroxenite ( Fig. 11) , respectively. The temperatures were calculated using the model of Danyushevsky et al. (1996) taking into account the correction based on the equation presented in Fig. 12a . The Average Gd PM is the liquidus of the arithmetic mean composition of all calculated primary melts of the Gudchikhinsky Formation.
refractory residue enriched in magnesian garnet, which does not participate in further melting processes. At depths of 150-120 km, the reaction pyroxenite will melt, and peridotite will be involved in the melting reaction starting from depths of 100 km and less. It is evident that, in the case of a thick continental lithosphere, mantle plume magmatism will be almost exclusively controlled by the melting of reaction pyroxenite, a derivative of recycled crustal material (Fig. 14b) . In the case of a thinner lithosphere, both pyroxenite and peridotite materials will be affected by melting (Fig. 14c) . The contribution of peridotite will increase with a decrease in the lithosphere thickness, other conditions being equal.
This simple model adequately explains the difference between the magmatic products of the Hawaiian mantle plume and the initial stage of the development of the Siberian trap province. The idea of this model was first advanced by Sobolev et al. (2005) , and a similar hypothesis of ferropicrite formation in continental LIP was published by Tuff et al. (2005) already one month later.
The further evolution of Siberian trap magmatism included the involvement of considerable amounts of melts derived from mantle peridotite at pressures of less than 3 GPa (Figs. 2, 14d ). This process had to occur very rapidly, probably catastrophically, because a change in mantle source material is recorded in the products of crystallization of various magmas occurring above one another within a 150-m interval of the stratigraphic sequence of lavas, which is less than 5% of the thickness of the whole tuff-lava section in the Noril'sk region (Fig. 2) . Such a catastrophe could be caused by the delamination and collapse of part of the continental lithosphere (Elkins-Tainton, 2005). This process could be triggered by the emplacement of the Gudchikhinsky magmas, which produced eclogitic intrusions in the continental lithosphere at depths of more than 60 km. Owing to the emplacement of such bodies, the lithosphere became hotter and heavier, and its gravitational destabilization and collapse could occur within a short time interval (Elkins-Tainton and Hager, 2000). This implies that the parental melt of the province could be much more voluminous than the observed amount of lavas in the Gudchikhinsky Forma- tion (almost 15000 km 3 ; Fedorenko et al., 1996) at the expense of the products of their deep crystallization.
The total contribution of pyroxenite-derived melts into the magmatism of the Siberian trap province can be estimated as 40-50 wt % from the presented data and assuming that the parental melts of the Tuklonsky picrites studied by us belonged to the main low-Ti type of Siberian trap magmas.
The mechanism of the initiation of the delamination and collapse of the continental lithosphere proposed previously by Elkin-Tanton and Hager (2000) could not adequately explain the formation of huge magma volumes beneath the thick continental lithosphere. Proceeding from the compositions of olivine and parental melt of the Gudchikhinsky picrites, we propose in this paper such an explanation based on the preferential melting of low-melting point mantle heterogeneities (pyroxenites). crust and mantle peridotite. Since such a pyroxenite is inherently depleted in sulfur and can easily reach high degrees of melting , leaving a residue free of sulfide melt, olivine, and spinel, the resulting melt must be enriched in chalcophile and siderophile elements and depleted in sulfur (Sobolev et al., 2008) . Hence, the presence of pyroxenite in the source region of Siberian traps could play a key role in the generation of high contents of Ni, Cu, and Pt-group elements and low sulfur content in the parental magmas. Furthermore, the strong undersaturation of the trap magmas with respect to sulfur prevented the early dispersion of these elements through the fractionation of sulfide melt. In particular, it can be clearly seen in Fig. 15 that Cu shows incompatible behavior in the Gudchikhinsky melts and is accumulated with decreasing Mg content, in contrast to mid-ocean ridge basalts, in which Cu is buffered by sulfide melt. The behavior of platinum-group elements must be identical to that of copper because of their pronounced chalcophile character. The source of sulfur in the sulfide ores was evidently the continental crust and the sulfur of the magmas accumulated during their extensive fractionation (Naldrett et al., 1992) . Thus, the pyroxenite source of the Siberian trap magmas was probably an essential prerequisite for the formation of unique commercial nickel sulfide deposits of the Noril'sk region.
On the Role of Siberian Traps in the Mass Extinction at the Paleozoic-Mesozoic Boundary
Within the accuracy of numerous age determinations, the formation of the province coincided with the largest mass extinction at 251 Ma at the PaleozoicMesozoic boundary and is therefore considered as a possible main reason for this catastrophe Kamo et al., 2003; . The emission of greenhouse gases (CO 2 , H 2 S, SO 2 , and Cl compounds) into the atmosphere is believed to be the main mechanism. Our results provide the first estimates of the contents of volatile components in the primary magmas from a pyroxenite source, which probably produced approximately half of the magma volume of the province (see the Composition of Mantle Source section).
Compared with other melts of similar Mg content, the reconstructed magmas show rather low H 2 O, CO 2 , and S contents and, by themselves, could hardly release considerable amounts of these gases, except, probably, for CO 2 (Ryabchikov et al., 2004) . However, the initial trap magmas are significantly enriched in Cl compared with typical mantle melts (Fig. 10) . Moreover, the Cl content increases considerably during magma evolution, owing probably to interaction with evaporites. Beerling et al. (2007) modeled the effect of the Siberian trap magmatism on the environment and showed that the combined influence of HCl degassing from the magmas and gas release due to heating of sedimentary coals could results in a 75-80% destruction of the stratospheric ozone layer and lethal mutations of vegetation promoted by ultraviolet radiation. These calculations used an estimate of 2.2 × 10 6 Tg for the bulk HCl degassing of Siberian traps, which is based on the volume of the trap magmas (4 × 10 6 km 3 ) and Cl contents in the basalts of the Columbia River province in the United States. For the same magma volume, the minimum estimate of 2.3 × 10 6 Tg can be obtained for the HCl emission on the basis of Cl contents in the primary Gudchikhinsky magmas (310 ppm, Table 6 ) and in peridotite-derived magmas (100 ppm, Saal et al., 2002) . Taking into account the accumulation of Cl in melt during phenocryst crystallization, the real magnitude of emission will be significantly higher, 3.8 × 10 6 Tg, assuming that the average Siberian trap basalt underwent 40% crystallization. For the contaminated melts of sample SU-50 (Fig. 10, Table 4 ), this estimate is several times higher. Consequently, the results of our study indicate that the real HCl emission from the Siberian traps could be significantly higher than that used in the model of Beerling et al. (2007) , and the environmental impact of this process was, correspondingly, more dramatic than was previously thought.
Thus, the high initial Cl contents in the magmas and their interaction with the continental crust and, especially, with its sedimentary part with abundant evaporite deposits could lead to considerable HCl emission and a catastrophic impact on the environment. CONCLUSIONS (1) Based on the investigation of olivine phenocrysts and melt and spinel inclusions in them from the picrites of the Gudchikhinsky Formation and olivine phenocrysts and whole-rock geochemistry from the Tuklonsky and Nadezhdinsky formations of the Noril'sk region, we determined the composition and conditions of formation and evolution of the parental melts and mantle sources of Siberian trap magmatism.
(2) In all of the samples, olivine phenocrysts show Ni excess and Mn deficit compared with the olivine equilibrated with melts produced by peridotite partial melting, which indicates a significant role of a nonperidotitic material (olivine-free pyroxenite) in their mantle source. Based on the composition of olivine, it was shown that the beginning of the magmatism of the province (Gudchikhinsky Formation) was related to the melting of only a pyroxenite source (100 wt %) produced by the interaction of the ancient recycled oceanic crust with mantle peridotite. During the further evolution of the magmatic system (Tuklonsky and Nadezhdinsky formations), the contribution of the pyroxenite component in the source decreased rapidly (to 40 and 60 wt %, respectively) owing to the involvement of peridotite material in melting. The formation of magmas was accompanied by their considerable crustal contamination. The total contribution of pyroxenite melting products to the magmatism of the Siberian trap province can be estimated as 40-50 wt %.
(3) The investigation of melt and spinel inclusions in olivine demonstrated that the primitive magmas of the Gudchikhinsky Formation crystallized under near-surface conditions at temperatures of 1270-1170°ë and oxygen fugacity 2.5-3.0 orders of magnitude below the Ni-NiO buffer. Their crystallization was accompanied by magma contamination with silicic continental rocks and evaporites.
(4) The least contaminated parental melts of the Gudchikhinsky rocks corresponded to tholeiitic picrites with 11-14 wt % /MgO, were strongly undersaturated with respect to sulfur, showed low (<0.25 wt %) contents of water and carbon dioxide and high Cl contents (>300 ppm), and were similar in composition to the Hawaiian tholeiites. They were produced by melting of a pyroxenite source at depths of 130-180 km in a mantle plume with a potential temperature of 1500-1580°ë.
(5) Owing to its low melting temperature, the presence of the pyroxenite component in the magma source of the Siberian traps resulted in the formation of large melt volumes beneath the thick continental lithosphere, which could trigger its catastrophic collapse. The same component, whose residue was devoid of sulfides and olivine, played a key role in the generation of high contents of Ni, Cu, and platinum-group elements and low contents of sulfur in parental trap magmas and prevented the early dispersion of these elements by sulfide melt fractionation.
(6) The high initial contents of Cl in the magmas and melt contamination by evaporites could be responsible for the considerable emission of HCl to the atmosphere resulting in mass extinction at the Paleozoic-Mesozoic boundary.
